Objective: The malignancy of thyroid oncocytic tumours, or oncocytomas, is higher than that of follicular tumours. The aim of this study was to investigate the role of thyroid-specific genes in oncocytic tumours and papillary carcinomas. Design and methods: We compared 29 oncocytic tumours with 12 papillary carcinomas. Real-time quantitative PCR was used to measure the expression of thyroid-specific differentiation markers (thyrotrophin-stimulation hormone receptor (TSHR), thyroglobulin (TG) and Na þ /I 2 symporter (NIS)), transcription factors (thyroid transcription factor-1 (TTF-1) and paired box gene-8 (PAX8)) and nuclear receptors (peroxisome proliferator-activated receptor (PPARg1) and thyroid hormone receptor (TRb1)) involved in thyroid carcinogenesis. Results: TSHR, TTF-1 and TRb1 levels were significantly lower in oncocytic tumours than in papillary carcinomas, as a result of specific biological changes in oncocytic tumours. However, PAX8 and PPARg1 did not seem to be involved in the process. Applying the criterion of the underexpression of the thyroid-specific differentiation markers, TSHR, TG and NIS, we classified the oncocytic tumours and papillary carcinomas into three groups. In the first, all three markers were underexpressed; in the second, TSHR was normal while TG and NIS were underexpressed; and in the third, only NIS was underexpressed. The expression patterns revealed that 13 of the 24 oncocytic adenomas underexpressing TSHR in our study, as did four of the five oncocytic carcinomas. Conclusion: Cases of oncocytic adenoma associated with four levels of TSHR could be putative oncocytic carcinomas and should therefore receive adequate follow-up. 150 269-276 
Introduction
Oncocytes are epithelial cells characterised by an abundant cytoplasm that takes on a finely granular eosinophilic staining, indicating the presence of large numbers of mitochondria (1) . These cells, frequently found in organs with high metabolic activity, are associated with inflammation, degenerative processes and cellular ageing. Oncocytes undergo neoplastic transformation but oncocytic tumours or oncocytomas are rare, except in the thyroid and the kidney (2) . Oncocytic adenomas and carcinomas or Hü rthle cell thyroid tumours represent a distinct subgroup of follicular tumours. In these tumours, capsular and vascular invasions occur more frequently than in non-oncocytic follicular tumours. Moreover, the mortality rate is higher in oncocytic carcinomas than in papillary or follicular carcinomas (3) . The relatively high rate of malignancy and aggressiveness of thyroid oncocytic tumours contrasts with the benign nature of most oncocytic tumours in other organs (4, 5) .
In the normal thyroid, the growth and differentiation of follicular cells are mainly regulated by the thyrotrophin-stimulating hormone (TSH) through its receptor (TSHR), a member of the family of G-protein-coupled receptors. Stimulation of TSHR activates two major signal-transduction pathways: the adenylcyclase pathway through the guanine nucleotide-binding protein alpha subunit (GNAS) and the phospholipase C pathway through the Gq protein alpha subunit (6) . Somatic mutations of TSHR and GNAS genes have been previously reported in toxic adenomas as well as in thyroid follicular carcinomas (7 -9) . Differentiated thyroid cells express the TSHR, thyroglobulin (TG), thyroperoxidase (TPO) and the Na þ /I 2 symporter (NIS) genes. The expression of these genes is controlled by specific transcription factors: thyroid transcription factors 1 and 2 (TTF-1 and TTF-2), and paired box gene-8 (PAX8). Different combinations of these transcription factors bind to promoters of TSHR, TG and NIS, playing an important role in the determination and the maintenance of the differentiated thyroid phenotype. Although the TSHR and NIS genes, as well as the TTF-1 and PAX8 transcription factors, are expressed in various other tissues, their co-expression is exclusive to the thyroid cell. During human thyroid tumourigenesis, these genes and transcription factors undergo different stages of alteration resulting in the primary loss of NIS expression followed successively by that of TSHR, TG and TPO (10) . In fact, the degree of thyroid tumour dedifferentiation is correlated with the loss of expression of the thyroid-specific transcription factors (11, 12) . The expression of TSHR is modulated by triiodothyronine (T3) through the T3 nuclear receptor TRb1 (13) . In most papillary carcinomas, and in some follicular carcinomas, the decreased expression of the TRb gene is due to the occurrence of inactivating mutations (14, 15) . Peroxisome proliferator-activated receptor-g (PPARg), another nuclear receptor, participates in follicular tumourigenesis through its rearrangement with PAX8 (16, 17) . The PAX8-PPARg1 fusion protein, which suppresses the wild-type activity of PPARg1, is present in follicular adenoma as well as in carcinoma (18) .
In our study of 29 follicular thyroid oncocytic tumours, we have analysed the expression of seven genes: three thyroid-specific genes, TSHR, TG, and NIS; two transcription factors, TTF-1 and PAX8; and two nuclear receptors, PPARg1 and TRb1. We have chosen papillary carcinoma rather than follicular cancer as control because of their known aggressiveness, their well-established molecular characterisation and their richness in mitochondria. Furthermore, papillary carcinomas are the most frequent malignant tumours arising from follicular cells. Our aim was to investigate the role of thyroid-specific genes and transcription factors in thyroid oncocytic carcinogenesis.
Materials and methods

Thyroid tissue samples
The study included 29 follicular oncocytic thyroid tumours and 12 papillary thyroid carcinomas. All the samples used were rendered anonymous (i.e. all patient identifiers were deleted before the study). The samples studied were obtained from consecutive cases, unselected apart from exclusions for insufficient material. Twenty-four of the tumours were diagnosed as follicular oncocytic adenomas and five as follicular oncocytic carcinomas, according to the World Health Organisation classification (19) . The assessment of malignancy was based on vascular or capsular invasion. The 29 follicular oncocytic tumours (average size, 2.74^1.51 cm) were found in three men and 26 women (mean age, 51.4 years). The 12 papillary carcinomas (average size, 2.51^0.96 cm) were found in one man and 11 women (mean age, 40.4 years).
Thirty-six paired normal thyroid samples (29 for follicular oncocytic tumours and seven for papillary carcinomas) were taken distant from the tumour and checked on histology to serve as controls. All the samples were frozen immediately after resection and stored in liquid nitrogen until used.
RNA isolation and cDNA synthesis RNA was isolated using the guanidium isothiocyanate procedure (Trizol Reagent, Invitrogen). Quantification, degradation and DNA contamination of RNA were assessed using an RNA 6000 nano assay (Agilent Technologies, Palo Alto, CA, USA). The reverse transcription (RT) was performed on 1 mg RNA with Advantage RT-for-PCR kit (Clontech) following the manufacturer's recommendations.
Quantitative PCR analysis
Real-time quantification was performed using SYBR Green I dye (Faststart DNA Master SYBR Green I, Roche) as a fluorescent signal. The dye binds specifically to the minor groove of double-stranded DNA, allowing the detection of PCR product formation. Seven genes (TSHR, NIS, TG, PAX8, TTF-1, PPARg1 and TRb1) and one reference gene (b-ACTIN) were explored. The amount of cDNA from the different genes was normalised by quantification of b-ACTIN as described elsewhere (20) . Templates (2 ml) were added to the PCR reaction mixture containing 2 ml of master mix including Taq DNA polymerase, dNTPs and SYBR Green I, 1 mM each of forward and reverse primers, (0.5 mM for TSHR) and 4 mM MgCl 2 (3 mM for TSHR), in a final volume of 20 ml. The primers used for quantitative PCR are specified in Table 1 .
Each series of PCR reactions included a standard curve, established using serial dilutions of a plasmid (PCR2.1-TOPO Invitrogen) containing the different PCR products amplified from a normal thyroid tissue on histology. All analyses were performed in duplicate on the Lightcycler apparatus (Roche) and included one negative and one positive control. The PCR amplification protocol consisted of initial denaturation at 95 8C for 10 min followed by 40 cycles of denaturation at 95 8C for 1 s, annealing for 10 s (temperature indicated in Table 1 ) with an extension at 72 8C for 10 s. The concentration of each gene was calculated on the basis of the respective calibration curve. Relative copy numbers of TSHR, NIS, TG, PAX8, TTF-1, PPARg1 and TRb1 were then obtained by calculating the ratio of each gene on b-ACTIN. The normalised b-ACTIN ratio for a gene in the tumour sample (R t ) was compared to that of the same gene in the normal sample (R n ). Four papillary carcinomas without normal thyroid tissue controls were arbitrarily paired with other normal thyroid tissues in this study, according to the most similar amount of b-ACTIN cDNA. When the R t /R n ratio was between 0.75 and 1.25 (95% confidence interval for normal thyroid tissue) the gene expression in the tumour was considered to be equivalent to that in normal tissue. Inter-assay (n ¼ 4) and intra-assay (n ¼ 8) coefficients of variation were, on average, 17 and 6.3% respectively.
The specificity of amplification products was checked by plotting the melting curves obtained by means of the Lightcycler software.
cDNA sequencing
In 19 thyroid follicular oncocytic adenomas, 5 follicular oncocytic carcinomas and 14 samples of healthy thyroid tissues, the following genes were sequenced: the entire cDNA products of TSHR and TTF-1; exons 7 to 10 of TRb1; exons 8 and 9 of GNAS. cDNA (3 ml) was amplified in a 40 ml reaction mixture containing 2.5 U Taq polymerase (Hot Gold Star, Eurogentec SA, Liège, Belgium), 1 mM of each primer, 0.2 mM dNTP (dNTP Master Mix, Eurogentec), 1.6 mM MgCl 2 and 1 £ buffer. As TTF-1 cDNA has a high GC content, betaine or dimethyl sulphoxide (DMSO) was added to the reaction buffer. The primers used for amplification are specified in Table 2 . The PCR protocol consisted of initial denaturation at 95 8C for 10 min, followed by 35 cycles of denaturation at 95 8C for 30 s, annealing for 30 s (at temperatures indicated in Table 2 ) with an extension at 72 8C for 1 min.
Amplified fragments were purified and directly sequenced on a CEQ 8000 apparatus, using a CEQ DTCS Quick-start kit (Beckman Coulter, Fullerton, CA, USA) following the manufacturer's instructions. The primers used for sequencing are specified in Table 2 .
Statistical analysis
Intergroup differences in the mRNA values were analysed using the Mann -Whitney U test. Comparison between the level of thyroid-specific gene expression and the level of specific transcription factor expression were made using the Fisher exact test. The correlation between the expression of the different genes studied was investigated using STATVIEW software, version 5.0 (Abacus Concept, Berkeley, CA, USA). The differences were considered statistically significant at P # 0.05. 
T a , annealing temperature for PCR; F, forward; R, reverse. 
Results
The expression of TSHR, TG and NIS genes
The expression of TSHR was significantly lower in oncocytic tumours (P ¼ 0.002), but not in papillary carcinomas (P ¼ 0.67), compared with normal paired thyroid tissues. In contrast, the expression of the TG and NIS genes was significantly lower both in oncocytic tumours and in papillary carcinomas compared with normal paired thyroid tissues (P # 0.001, Fig. 1 ).
We classified the tumours into three groups according to the expression of TSHR, TG and NIS genes (Fig. 2) . The first group, the 'poorly differentiated' group (OT1), contained 13 oncocytic adenomas and four oncocytic carcinomas; the expression of TSHR, TG and NIS was lower than in paired control tissues. The second group, the 'moderately differentiated' group (OT2), contained four oncocytic adenomas and one oncocytic carcinoma; TSHR was normally expressed, while both TG and NIS were underexpressed. The third group, the[NBsp] 'well-differentiated' group (OT3), contained five oncocytic adenomas; only NIS was underexpressed. Two oncocytomas (Fig. 2: OTA 23, OTA 24) did not fit into any of these groups. In OTA 23, TSHR was moderately overexpressed, while TG and NIS were normally expressed. In OTA 24, TSHR was underexpressed, while TG and NIS were highly overexpressed.
The papillary carcinomas could be classified in a similar manner. Of the seven papillary carcinomas with paired control tissues, the three tumours that underexpressed TSHR, TG and NIS were classified as the 'poorly differentiated' group (PC1), while the four tumours that underexpressed only NIS were classified as the 'well-differentiated' group (PC3). Five papillary carcinomas without normal thyroid tissue controls were arbitrarily paired with normal thyroid tissues according to the b-ACTIN levels (indicated in italics in Fig. 2) . Thus, two of these tumours, underexpressing TSHR, TG and NIS, were classified in the 'poorly differentiated' group (PC1), while three tumours, with normally expressed TSHR and underexpressed TG and NIS, were classified in the 'moderately differentiated' group (PC2).
Expression of TTF-1 and PAX8
The expression of TTF-1 was significantly lower in oncocytic tumours (P ¼ 0.018), and significantly higher in papillary carcinomas (P , 0.001), compared with normal tissues (Fig. 3) . PAX8 expression was significantly lower in papillary tumours (P ¼ 0.03) and oncocytic tumours (P ¼ 0.002) than in matched controls (Fig. 3) . There was no difference in PAX8 mRNA levels in both oncocytic and papillary tumours (P ¼ 0.26).
TTF-1 and PAX8 were underexpressed in 11 of the 29 oncocytomas. One of the two transcription factors, either PAX8 (n ¼ 5) or TTF-1 (n ¼ 6), was underexpressed in 11 tumours. TTF-1 and PAX8 were normally expressed in seven tumours. When both transcription factors were underexpressed, TSHR, TG and NIS were also underexpressed in all cases. When one of the transcription factors was underexpressed, the tumours also underexpressed TG and NIS and, in some cases, TSHR as well. In one case (Fig. 2: OTA  13) , both transcription factors were normally expressed, even though TSHR, TG and NIS were underexpressed. In 28 of the 29 oncocytic tumours, there was a significant relationship between the level of thyroid-specific gene expression and the level of specific transcription factor expression (P , 0.0001).
In 3 of the 12 papillary carcinomas, TTF-1 and PAX8 were underexpressed. Two of the tumours underexpressed the three thyroid-specific genes, while the other underexpressed only NIS. None of the 12 papillary carcinomas had lost TTF-1 expression alone, whereas PAX8 expression was individually lost in five of the oncocytic tumours.
Expression of other nuclear transcription factors
The expression of the TRb1 gene was significantly lower in follicular oncocytic tumours compared with normal paired thyroid samples (P , 0.001, Fig. 3 ), but not in papillary carcinomas (P ¼ 0.69). The expression profile of TRb1 was correlated to that of TTF-1 for oncocytic tumours (r 2 ¼ 0.71, P , 0.001), but not for papillary carcinomas (r 2 ¼ 0.36, P ¼ 0.17). The expression of the PPARg1 gene was significantly reduced in both follicular oncocytic tumours and papillary carcinomas compared with normal paired thyroid samples (P , 0.001, Fig. 3 ). For the 29 oncocytomas, the results obtained for PPARg1 were usually correlated with thyroid tumour dedifferentiation. In the OT1 group of tumours with a low expression of the three thyroid-specific genes, PPARg1 was underexpressed in 15 of the 17 tumours, and normally expressed in two. In the OT2 group, the expression of PPARg1 was normal in three of the five tumours. In the OT3 group, PPARg1 was overexpressed in three of the five tumours (Fig. 2) .
Sequencing
We sequenced exons 8 and 9 of GNAS, all coding portions of the TSHR, all coding portions of the TTF-1 and exons 7 to 10 of TRb1 in 24 oncocytic tumours and 14 normal samples. No mutations were found on the hot spot regions of GNAS or the coding regions of the TTF-1 and TRb1 genes. One oncocytoma (Fig. 2: OTA 24) displayed an activating mutation M453T in exon 10 of TSHR.
Discussion
Tissue array analysis of p53, mdm-2, p21, Bcl-2, cyclin D1 and Ki-67 expression has allowed identification of some markers of oncocytic tumours prognosis (21) . However, no macro-or micro-arrays using thyroidspecific gene expression profile have been available for the classification of oncocytic tumours with reference to other differentiated follicular thyroid tumours. Our study of the expression of 7 thyroid genes and regulatory factors in 29 oncocytic tumours has enabled us to draw up a specific profile for oncocytic tumours.
The analysis of the gene expression profile allowed a subclassification of oncocytic tumours and papillary carcinomas into distinctly poorly differentiated groups, i.e. the OT1 and PC1 groups, and the well-differentiated groups, i.e. the OT3 and PC3 groups. Obviously, the subgroups defined represent various stages of a continuous dedifferentiation process. However, the subclassification has led us to determine a subgroup of oncocytic adenomas that may be associated with the worst prognosis, as suspected in oncocytic carcinomas. It has been shown that the loss of NIS expression occurs before that of TSHR and TG in the multistep process of thyroid carcinogenesis (10) . The underexpression of NIS in 27 of the 29 oncoctyic tumours in our study confirms that iodide trapping is an early event in the thyroid tumourigenesis process. Two tumours with a normal or higher than normal expression of NIS escaped from our defined categories. One was an oncocytic adenoma ( Fig. 2 : OTA 23) that had developed in the context of Grave's disease; the other was an adenoma (Fig. 2: OTA 24) with an activating M453T mutation in the TSHR gene. The increased NIS expression in these two tumours is in accordance with a stimulation of the TSH pathway (22, 23) .
TSH is the main regulator of the differentiation and proliferation processes of thyroid cells (24, 25) . The discovery of somatic and germline-activating mutations in the TSHR gene and in GNAS in some follicular tumours has established the role of the cAMP cascade in both processes (8, 26) . However, such a mechanism appears marginal in the case of oncocytomas. In our study, the expression of TSHR was significantly lower in oncocytic tumours than in papillary carcinomas (P ¼ 0.008), suggesting a lower level of differentiation in oncocytomas than in papillary carcinomas. Interestingly, the low TSHR expression we observed in some oncocytic adenomas is similar to that described in poorly differentiated carcinomas (27) . However, one atypical oncocytic adenoma (OTA 22) presented a highly differentiated profile with overexpression of TSHR and mild expression of NIS. We believe that TSHR as a malignant marker may select some patients who might show good responses to iodine treatment. Considering the usual difficulties for oncocytic tumour treatment, selection of the adaptive treatment on molecular marker may be interesting. As TSHR expression is regulated by TTF-1, this transcription factor may also play a role in oncocytic tumours.
The determination and the maintenance of a differentiated phenotype are controlled by transcription factors (TTF-1 and PAX8). In 28 of the 29 oncocytic tumours studied, we found a significant correlation between the loss of thyroid genes and the loss of expression of specific transcription factors. However, one oncocytoma (Fig. 2: OTA 13 ) expressed TTF-1 and PAX8 normally, while underexpressing the three thyroid-specific genes, suggesting that other DNA-binding proteins were involved in the decreased specific thyroid gene expression. In contrast to oncocytic tumours, the expression of TTF-1 and PAX8 was different in papillary carcinomas. These tumours underexpressed PAX8 alone more often than oncocytomas and never underexpressed TTF-1 alone. Incidentally, we found similar results in two human thyroid-cancer cell lines: BCPAP, which is a papillary carcinoma cell line, and XTC.UC1, which derives from an oncocytic thyroid carcinoma. The copy number of TTF-1 mRNA normalised to b-ACTIN, was five times greater for BCPAP than for XTC.UC1 whereas the copy number of PAX8 was the same (data not shown).
The study of TRb1 and PPARg1 expression levels showed that there was no correlation between the expression of PPARg1 and that of TTF-1, whereas there was good correlation between the expression of TRb1 and that of TTF-1, particularly in the case of oncocytic tumours. Three mechanisms may explain this observation: a protein -protein interaction, similar to that described for TTF-1 and the retinoic acid receptor (28), coordinated upstream control, or a transcriptional effect. We tested the hypothesis of a possible transcriptional effect by means of an analytical program described elsewhere (29) , and discovered two putative thyroid response elements (TRE) in the promoter of TTF-1.
We have tried to match the differentiation profile of the tumours, based on the quantification of seven mRNAs (TSHR, TG, NIS, TTF-1, PAX8, TRb1 and PPARg1), to their histopathological features. The molecular expression profiles were concordant with the morphological observations in 16 of the 29 oncocytic tumours studied. However, it is interesting to note that all five oncocytic carcinomas in our study belonged to the less differentiated groups (OT1 and OT2). This is in contrast to a study reporting differentiation in similar tumours (12) . Unfortunately, the number of carcinomas in both these studies is too small to allow statistical analysis. We believe that the use of the quantitative RT-PCR method and paired control tissues allows a better subclassification of oncocytomas. Using the criteria of low TSHR, TG and NIS gene expression, 13 oncocytic adenomas were classified in the poorly differentiated group (OT1). As four of the five oncocytic carcinomas were classified in this group, we suggest that these adenomas with discordant morphogenetic results may in fact be pre-invasive carcinomas. To confirm this suggestion, we should increase the follow-up of our patients diagnosed for less than 5 years.
Our study showed that the expression of TSHR, TTF-1 and TRb1 was significantly lower in oncocytic tumours than in papillary carcinomas. The down-regulation of TSHR expression may be associated with the modification of the cellular location or function of TTF-1 and TRb1. Therefore, patients with oncocytic adenomas presenting low TSHR mRNA levels could benefit from a prolonged follow-up.
